Abstract The CO 2 sequestration is one of the most promising solutions to tackle global warming. In this study, spherical mesoporous silica particles (MPS-S) and rod-shaped mesoporous silica particles (MPS-R) loaded with Cu nanoparticles were selectively prepared and employed for CO 2 adsorption. For the first time uniform Cu nanoparticles were incorporated into the rod-shaped mesoporous silica particles by post-synthesis modification using both N-[3-(trimethoxysilyl)pro pyl]ethylenediamine (PEDA) and ethylenediamine (EDA) as coupling agents. The physiochemical properties of the mesoporous and copper grifted silica composites were investigated by CHN elemental analysis, FTIR spectroscopy, thermogravimetric analysis, X-ray diffraction, energy dispersive X-ray spectroscopy (EDX), surface area analysis, scanning, transmission electron microscopy and gas analysis system (GSD 320, TERMO). The mesoporous silica shows highly ordered mesoporous structures, with the rod-shaped particles having a higher surface area than the spherical ones. Copper nanoparticles with an average diameter of 6.0 nm were uniformly incorporated into the MPS-S and MPS-R. Moreover, Cu-loaded mesoporous silica exhibits up to 40% higher CO 2 adsorption capacity than the bare MPS. The MPS-R modified with Cu nanoparticles showed a maximum CO 2 adsorption capacity of 0.62 mmol/g and the humidity showed a slight negative effect on CO 2 uptake process. The enhancement of CO 2 adsorption onto transition metal/mesoporous substrates provides basis for imminent CO 2 sequestration. 
Introduction
The synthesis of structurally ordered mesoporous silica (MCM type) has been widely studied since the discovery of MCM-41-type mesoporous silica by Mobil Corporation in 1992 [1, 2] .
Mesoporous silica possesses unique properties including high surface-to-volume ratio, well-ordered mesoporous structure, and chemical stability. Therefore, it has been used in a wide range of applications such as catalysis [3] [4] [5] , air purification, water treatment [6] [7] [8] [9] [10] , and drug delivery systems [11] [12] [13] . Another advantage of mesoporous silica is that the external surface and internal nanochannels can be modified with different organic functional groups [14, 15] . Furthermore, the surface of mesoporous silica can be uniformly loaded with a variety of metal nanoparticles for application of catalysis [16] [17] [18] and for capturing greenhouse gases [19, 20] . The shape of mesoporous silica particles (MPS) can significantly affect their performance when used in various applications. Rod-and platelet-shaped particles are of interest in various applications such as drug delivery because of the high accessibility of pores and the large specific surface area [21] . Lin et al. demonstrated that tuning the structural features of MPS has a direct outcome on regulating the mass-transport properties of guest molecules and improving their biocompatibility [22, 23] . Therefore, novel synthetic strategies have been developed for controlling the structural (size/shape) and chemical properties of these silica-based materials. Monodispersed silica rods with a length of 1-1.5 lm and diameter of 0.5 lm were produced by reducing the stirring time from 20 h to 5 min followed by static condensation for 20 h [24] . The formation of the rod morphology was attributed to the absence of shear flow and lower rate of precipitation during static condensation. Moreover, the addition of inorganic salts such as KCl in combination with stirring and static condensation yields long straight rods [25] . Many other methods have been reported in literature to explain the synthesis of mesoporous silica nanoparticles with different morphologies [25] [26] [27] [28] [29] [30] .
The solid adsorbents modified by amine functional groups have been widely reported for CO 2 capture because of the advantages of lower energy cost, adsorbent regeneration, high selectivity and reversibility of CO 2 -amine adsorption [31, 32] . Nitrogen-containing porous carbon, for example, have shown high CO 2 adsorption uptake (6.2 mmol/g) and better selectivity for CO 2 due to the presence of pyridonic-N functionality [33] . The amine grifted mesoporous silica exhibited CO 2 adsorption capacity up to 5.5 mmol/g at ambient temperature and pressure [34] . Further improvement in CO 2 adsorption capacity is reported by Giannelis et al. [35] and about 8 mmol/g by employing oligomeric amine modified mesoporous silica capsules. Very recently, we have reported a preparation procedure for the synthesis of a variety of metal-silica composites for potential application in greenhouse gas sequestration [36, 37] . Nanoparticles or ions of Cu, Fe, Ag, and Au were incorporated into propyl ethylenediamine and mercaptopropyl-modified silica gel using a surface chemical modification method. The CO 2 adsorption capacities of these metal ions and nanoparticle composites were enhanced considerably, and a capacity of 0.52 mmol/g was achieved for Cu nanoparticles incorporated in the silica composite. It is reported that transition metals are strongly coordinating to the p orbital of CO 2 which can act as an active sites for CO 2 capture [38] . Copper in particular coordinate into CO 2 and weakened C-O interaction ensuing enhancement in CO 2 capture capacity as well as higher CO 2 reduction efficiency into small organic molecules [39] . To the best of our knowledge and apart from our previous work [36, 37] , we are not aware of any reports that have directly studied the adsorption of CO 2 over copper nanoparticles. This work demonstrates the ability to produce spherical and rod-shaped mesoporous silica (MPS) particles by condensation of CTAB, tetraethyl orthosilicate (TEOS) and ammonia in water or in ethylene glycol mixture, respectively. Furthermore, the spherical and rod-shaped mesoporous silica are modified by Cu nanoparticles using both N- [3-(trimethoxysilyl) propyl] ethylenediamine (PEDA) and ethylene diamine (EDA) as coupling agents. The physiochemical properties of the mesoporous silica composites were investigated by CHN elemental analysis, FTIR, TGA, XRD, BET surface area, SEM, and TEM. The CO 2 adsorption capacity of the produced copper nanoparticles modified MPS was also evaluated and compared with the bare and amine modified mesoporous silica.
Experimental

Chemicals
Toluene, sodium borohydride, 1,2-diaminoethane, and ethylene glycol were acquired from BDH (Europe). Copper sulfate (CuSO 4 Á5H 2 O) and ammonium hydroxide (32% w/w) were obtained from Merck (UK). Methanol was obtained from Prolabo (Europe). Tetraethyl orthosilicate was obtained from Fluka (Germany). PEDA was obtained from Acros Organic (USA). EDA and cetyltrimethyl ammonium bromide (CTAB) were obtained from Sigma-Aldrich (UK).
Synthesis of MPS-S and MPS-R
In a typical experiment, MPS-S was prepared by dissolving (6.59 mmol) CTAB in 7.16 mol of deionized water. The mixture was stirred with a magnetic bar until a clear solution was obtained. Then, 0.13 mol of ammonia was added to the CTAB solution with stirring, following which 44 mmol of TEOS was added dropwise and the mixture was stirred for 12 h. The pH of the mixture was adjusted to 10.2 by adding drops of ammonia solution. Subsequently, the mixture was subjected to static condensation for 20 h at 100°C. The formed solid was separated by centrifuging, rinsed three times with deionized water, and then dried in the oven at 100°C for 24 h. Finally, the product was obtained by calcination at 550°C for 6 h. MPS-R was obtained by mixing 5 mol of ethylene glycol with 17.2 mol of water and 4.6 mmol of CTAB. The mixture was stirred slowly until a clear solution was obtained. Subsequently, 0.33 mol of ammonia was added, following which 2.74 mmol of TEOS was added stepwise while stirring. The mixture was stirred for 12 h after adding the TEOS, and then, it was subjected to static condensation for 20 h at ambient temperature. The solid product was separated by centrifuging, rinsed three times with deionized water, and then dried in the oven at 40°C for 72 h followed by calcination at 550°C for 6 h.
Preparation of Cu-MPS
Cu nanoparticles were loaded into both rod-shape and spherical MPS using surface modification procedure. Briefly, 500 mg of MSP-S or MSP-R was dispersed in 40 ml of dry toluene in a 250 ml round-bottom flask fitted with a reflux condenser. Then, the mixture was heated to 90°C while stirring. After the temperature stabilized, 0.5 ml of PEDA was slowly added to the mixture, and the reaction was conducted under nitrogen atmosphere for 6 h [36, 37] . The PEDA-modified MPSs (PEDA-MPS) were separated by centrifugation, rinsed thoroughly with toluene, and dried overnight in vacuum. The mesoporous silica with EDA linker was modified by adding 500 mg of MPSs to 15 mmol of EDA dissolved in 10 ml of ethanol in a reaction vessel. The mixture was sonicated for 15 min, and the vessel was kept in a shaker for 12 h. The EDA-modified MPSs (EDA-MPS) were separated using the centrifuge and washed with ethanol and then dried under vacuum at 100°C. Cu ions were loaded into the PEDA-and EDA-modified mesoporous silica by adding 5 ml of 1.0 M copper sulfate to 300 mg of PEDA-MPS or EDA-MPS in a 50-ml vial and agitated for 1 h. The excess metal ions were removed by washing with deionized water until the washing layer became colorless and no absorbance was observed for the washing solution as confirmed by UV-Vis. The attachment of Cu 2+ was preliminary observed by the color change of mesoporous silica from white to blue after Cu 2+ loading (Fig. 3b) . To incorporate Cu nanoparticles into mesoporous silica, mesoporous silica modified with 150 mg of Cu ions were transferred to a test tube and dried in an oven at 80°C overnight. Then, 5.0 ml (1.0 M) of freshly prepared NaBH 4 in degassed and cold water was slowly added to the reaction tube and agitated for 1 h. After the complete reduction of Cu 2+ , the color of the modified mesoporous silica changed from blue to black.
Characterizations
FTIR spectra were recorded at room temperature using a VERTEX 70 BRUKER spectrophotometer with a resolution of 4 cm À1 and 16 scans. Elemental analysis (CHN) was conducted using a 2400 CHNS analyzer (Perkin Elmer, Series II CHNS/O Analyzer). The analysis was performed shortly after the instrument had stabilized for 2 h followed by a helium purge for $60 s, and it was then calibrated using 1.3 mg of an acetanilide standard until the value reached the limit of 0.3 ± SD%. The BET surface area measurements were performed using the Micromeritics ASAP 2020 instrument at liquid nitrogen temperature. Prior to the measurements, the samples were degassed at 100°C for 4 h. The shape and morphology of the MPS were characterized using SEM (FEI Nova 200 dual-beam SEM). Cu loading was determined using an energy dispersive spectrometer (OXFORD Instruments) coupled with SEM. The SEM samples were prepared by sonicating 5.0 mg of the nanocomposite for 1 min in 5 ml of deionized water, and 2 drops were applied to a carbon disk and allowed to dry at room temperature; finally, they were coated with a 10 nm-thick gold film. The fine structures of MSP nanocomposites were characterized using TEM (JEOL JEM-2100F) at 200 kV. The TEM samples were prepared by dispersing the particles in ethanol using an ultrasonic bath; one drop of the suspension was placed on the Cu grid and dried in air. The phase composition and crystallinity was investigated using XRD (D8 ADVANCE, Bruker) with a Da Vinci diffractometer configured with the fast linear LYNXEYE detector. The weight change during the absorption of CO 2 was measured using TGA-DSCA (SDT Q600 V20.9). For CO 2 sequestration, each sample was first pre-activated at 120°C for 120 min under a flow of 10 ml min À1 ultra-pure helium and then held at 50°C for 40 min before exposure to CO 2 gas. The adsorption capacities and heats of adsorption were calculated based on the DSC-TGA weight gain versus time. The effect of water vapor was investigated using Gas analysis system (Quadrupole mass spectrometer, Thermo GSD-320) associated with DSC-TGA. The water vapor was insert form inlet and the ratio was using SEM mode. 
Results and discussion
Controlling morphology of mesoporous silica
MPS with two different morphologies (spherical and rodshaped) were synthesized by controlling the temperature of an aqueous mixture and modified chemically/physically with amine, and then copper ions were attached to the particles and finally converted to Cu nanoparticle as illustrated in Scheme 1.
The SEM image (Fig. 1a) shows the MPS obtained by the static condensation of CTAB surfactant, ammonium hydroxide, and TEOS. This figure clearly shows that the particles have the usual spherical shape, which is consistent with the reported results for MPS prepared under similar conditions [26, 27] . The MPS-S has an average diameter of 300 nm, and they appeared to form three-dimensional aggregations of smaller nuclei. Fig. 1c shows a TEM image of the MPS-S fine porous structure, which clearly shows the presence of a hexagonally packed porous structure embedded in the silica spherical particles with an average pore diameter of 3.5 ± 0.2 nm. Moreover, the diffraction pattern shown in the inset of Fig. 1c indicates the long-range periodicity of the hexagonal packing.
On the other hand, the MPS-R were synthesized by the static condensation of CTAB (4.6 mmol), ethylene glycol (5 mol), water (17.2 mol), ammonia (0.33 mol), and TEOS (2.74 mmol) mixture for 20 h at ambient temperature. Fig. 1b shows an SEM image of the MPS-R after calcination at 550°C for 6 h. The mesoporous silica clearly consists of submicrometer length rods. The formation of the rod-shaped morphology could be attributed to the absence of convection and heating during the static condensation step, which slows down the process and lowers the rate of precipitation [26] . In addition, the presence of ethylene glycol reduces the hydrolysis rate of TEOS [39] , which is consistent with the results obtained by Pang et al. [29] in which silica particles with spherical morphology were obtained at temperature higher than 70°C. Fig. 1d shows the fine porous structure of MPS-R as examined by TEM. We can clearly observe the hexagonal porous channels running through the longitudinal of the silica nanorods. The average diameter of the nanorods varied between 80 and 100 nm with an aspect ratio of 3.8-4. It is established that the synthesis conditions significantly affect the morphology and porous structures of mesoporous silica. Parameters such as the co-solvent, temperature, ionic strength, and alkalinity and reactant ratios significantly affect the mesostructures and macrostructures of the mesoporous materials [23, 29, 40] . Fig. 2a and b shows the N 2 -sorption isotherms for the mesoporous silica with spherical and rod shapes, respectively. The obtained surface area, pore volume, and pore sizes are summarized in Table 1 . Both spherical and rod-shaped mesoporous silica shows type-IV adsorption isotherms according to the IUPAC classification, which indicates the existence of mesopore structures. The hysteresis loop in the isotherms of the spherical shape suggests that there exist slit-shaped nanopores [41] .
From the data in Table 1 , it is seen that about 3.0 nm pore size is obtained for MPS-S which is very consistent with that measured from the TEM image. Moreover, it is clear that when the particle morphology changed from spherical to rod-shaped, the surface area increased whereas the pore diameter decreased.
The spherical particles showed lower surface area because static condensation was conducted at high temperature. This can be related to the fact that the surfactant changes its properties and becomes more hydrophobic at a high temperature, and therefore, it moves toward the core of the micelles, resulting in an increase in the pore size and, consequently, a decrease in the wall thickness [40] . Upon calcination, the wall becomes denser and the microporosity is reduced. On the other hand, the absence of heating during the static condensation of the rod-shaped particles leads to an increase in the surface area owing to the formation of micropores [39] .
Synthesis and characterization of MPS-PEDA-Cu and MPS-EDA-Cu nanocomposites
Cu nanoparticles were incorporated into both spherical and rod-shaped mesoporous silica by surface chemical modification using both PEDA and EDA as coupling agents. The surface of both spherical and rod-shaped mesoporous silica was first modified with the amine group of PEDA and EDA following the procedure reported in our previous work [36, 37] . However, EDA does not attach chemically to the MPS; instead, the interaction between the EDA and the MPS is believed to occur via physical adsorption onto the surface and inside the pores. Subsequently, the amine-terminated silica particles were treated with 1.0 M solution of CuSO 4 to attach the Cu ions incorporated mesoporous silica. With PEDA, the color of the modified mesoporous silica changed to light yellow; however, for physically attached EDA, no change in color was observed, as shown in Fig. 3a and b , respectively. The attachment of Cu ions to the surface of PEDA-MPS was clearly recognized by the change in the color of the amine silica particles from light yellow to blue, as shown in the optical images in Fig. 3c . Finally, the attached Cu ions were chemically reduced to metal nanoparticles using sodium borohydride to produce spherical Cu-PEDA-MPS-S and rod-shaped Cu-PEDA-MPS-R and Cu-EDA-MPS nanocomposites which show dark color, as shown in Fig. 3d . Another interesting difference we have observed is that the Cu-complex produced by PEDA was light blue whereas EDA was light green, as shown in Fig. 3e and f. Presumably, this color change indicates that the Cu ions bind with PEDA as Cu 2+ and with EDA as Cu +1 . The CHN analysis was performed to monitor the change in the C, H, and N contents after the attachment of PEDA and EDA linkers and after loading Cu nanoparticles to the surface of mesoporous silica. The data are reported in Table 2 . The analysis clearly shows a significant enhancement for C, H, and N element content for all MPS, confirming the attachments of both PEDA and EDA linkers. For spherical and rod-shaped MPS, the PEDA loading is around 1.95 and 2.25 mmol g À1 whereas EDA shows higher loading of 2.95 and 2.85 mmol g À1 , respectively. Although the surface area for MPS-R is around two times higher than that of the MPS-R one, the surface loading for both PEDA and EDA are slightly higher or almost similar for chemically and physically attached PEDA and EDA, respectively. After the reduction of Cu ions by sodium borohydride, the CHN content is slightly decreased in case of PEDA owing to the shielding effect of the Cu nanoparticle or loss of the amine group during the reduction by sodium borohydride. However, in the case of EDA, the CHN content is reduced considerably to a low level Scheme 1 MPS modification with amine and copper impregnation and conversion to nanoparticle. apparently owing to the physical nature of coupling of EDA to the surface of mesoporous silica. The attachment of PEDA functional groups to the silica surface was also confirmed by surface characterization using FTIR spectroscopy, as shown in Fig. 4 . The FTIR spectrum shows the presence of bands at approximately 1097, 802, 605, and 472 cm
À1
, which are assigned to the different vibration modes of the Si-O-Si surface and the particle bonds [42] . The band for the C-H stretching vibrations of the propyl chains is observed at around 2933 cm
. The weak shoulder at around 3290 cm À1 most likely corresponds to the symmetric stretching modes of NH 2 groups, and the band at 1572 cm À1 is assigned to the bending mode [43] . The secondary amine band was difficult to resolve owing to an overlap with the OH group stretches. The pore-to-pore distance for this hexagonal array, given by d100/cos 30, equals 4.13 nm. For the high-angle XRD pattern (Fig. 5b) , the peaks are sharp, demonstrating the crystalline nature of Cu nanoparticles; no impurity peak is observed. The three peaks at 2h values of 43.3°, 50.4°, and 74.1°corre-spond to (1 1 1), (2 0 0), and (2 2 0) diffraction planes of facecentered cubic (fcc) Cu, respectively. This result is in agreement with the standard data from JCPDS card No. 85-1326. Fig. 6 shows the TEM images for both rod-shaped and spherical mesoporous silica after loading with Cu nanoparticles using PEDA and EDA linker pre-modification. In the case of the PEDA linker, the TEM images (Fig. 6a and c) indicate the presence of very uniformly distributed Cu nanoparticles with an average diameter of 5.0 nm on the surface of mesoporous silica.
Nevertheless, in the case of EDA, the TEM images in Fig. 6b and d show the presence of very fine Cu nanoparticles as well as some larger Cu particle aggregations with uneven size distribution. This can be attributed to the difference between the chemical coupling in the case of PEDA and the physical attachment for the EDA linker.
Energy dispersive X-ray spectroscopy of the four sample complexes with Cu is shown in Fig. 7 . The spectrum (a-d) confirms the presence of Cu in addition to O and Si in the form of silica. Table 3 shows the EDX analysis results; the chemically modified mesoporous silica has a higher Cu% than the physically attached Cu. The chemically modified rod-shaped mesoporous silica has the highest percentage among the other batches (1.7%); this is due to the higher BET surface area of rod-shaped MPS (1288 m 2 /g). The chemically modified spherical mesoporous silica shows lower Cu loading of 1.2%. The intensity of the Cu in each sample is shown in the inset in the upper corner and clearly these results confirm that the chemical process produces more and uniform Cu particles.
CO 2 adsorption
Prior to the CO 2 adsorption experiment, the nanocomposites were activated at 120°C for 120 min by heating in argon flow Figure 4 FTIR spectrum for (a) Cu 2+ -PEDA-MPS and (b) after converting the Cu complex to Cu (NP).
followed by cooling down to 50°C. Then, CO 2 was passed through at 50°C and 1.0 atm until no further weight gain was observed due to CO 2 adsorption. Table 4 reports the CO 2 uptakes and heat adsorption of spherical and rodshaped MSN. Both spherical and rod-shaped unmodified mesoporous silica were found to adsorb CO 2 to some extent and that the rod-shaped nanocomposite showed a higher CO 2 adsorption capacity than the spherical nanocomposite. In addition, the spherical and rod-shaped mesoporous silica modified with Cu nanoparticles shows more efficient CO 2 adsorption than the amine-modified and plain mesoporous silica.
This could be because the rod-shaped mesoporous silica has higher surface area and provides more active sites for CO 2 adsorption. The amine-modified rod-shaped mesoporous silica with Cu nanoparticles showed enhanced CO 2 adsorption. Undoubtedly, the incorporation of Cu nanoparticles into the mesoporous silica enhanced CO 2 absorption by more than 35% for both spherical and rod-shaped mesoporous silica, which is consistent with previously published results [36, 37] . The heats of adsorption integrated from the DSC heat flow illustrates that the values obtained for the rod-shaped and spherical PEDA-MPS nanocomposites were 19.73 and 16.19 kJ mol À1 , respectively. These heats of adsorption are ) owing to the high surface area of the rod particles. The higher heat adsorption obtained for the Cu-PEDA-MPSs-R indicates strong interaction between the CO 2 and the Cu-PEDA-MPS-R nanocomposite due to Cu nanoparticles appeared to be active toward CO 2 adsorption [39] which improves the CO 2 uptake.
In order to investigate the effect of humidity on CO 2 uptake, the Cu-PEDA-MPS-R was exposed to water vapor during CO 2 capturing. 0.5%, 2.0%, 5.0% and 10% of water vapor was introduce to the inlet valve and the process was monitored using Gas Analysis System (Thero star) GSD 320 Mass range 1-100. The results showed that at 0.5%, almost no change was observed for CO 2 uptake as shown in Table 5 . However at 5% and 10% the CO 2 uptake started to slightly decrease as illustrated in Table 5 . This effect could be due to that the H 2 O adsorbed on the Cu/silica surface which reduces the accessibility for CO 2 to reach the active site on Cu/silica surface. 
Conclusion
By changing the synthesizing conditions, mesoporous silica with different morphologies was successfully produced. Mesoporous rod shaped silica (MPS-R) with very high surface area was obtained by performing static condensation under ambient conditions. While mesoporous spherical shaped silica (MPS-S) was obtained when static condensation was performed at 100°C. The loading of Cu nanoparticles into the MPS-R using chemical modification with PEDA produced very uniform and well-distributed crystalline Cu nanoparticles. The MPS-R showed higher CO 2 adsorption properties than the spherical ones owing to the high surface area and accessibility of the pores. Loading the Cu nanoparticles using EDA via physical interaction between the MPS and EDA produced Cu nanoparticles with a very poor distribution of non-uniform aggregates; consequently, the CO 2 adsorption was less than that obtained in case of the chemically attached PEDA. Also the pre-modification of the silica surface with PEDA minimizes the aggregation between the produced Cu nanoparticles. The loading of Cu nanoparticles into mesoporous silica promotes the CO 2 adsorption capacity up to 40% compared with bare MPS. The study highlights the importance of CO 2 adsorption onto Cu nanoparticles modified mesoporous substrate which provides a strategy for designing efficient adsorbent for efficient CO 2 sequestration.
